The geminivirus replication factor AL1 interacts with the plant retinoblastoma-related protein (pRBR) to modulate host gene expression. The AL1 protein of tomato golden mosaic virus (TGMV) binds to pRBR through an 80-amino-acid region that contains two highly predicted ␣-helices designated 3 and 4. Earlier studies suggested that the helix 4 motif, whose amino acid sequence is strongly conserved across geminivirus replication proteins, plays a role in pRBR binding. We generated a series of alanine substitutions across helix 4 of TGMV AL1 and examined their impact on pRBR binding using yeast two-hybrid assays. These experiments showed that several helix 4 residues are essential for efficient pRBR binding, with a critical residue being a leucine at position 148 in the middle of the motif. Various amino acid substitutions at leucine-148 indicated that both structural and side chain components contribute to pRBR binding. The replication proteins of the geminiviruses tomato yellow leaf curl virus and cabbage leaf curl virus (CaLCuV) also bound to pRBR in yeast dihybrid assays. Mutation of the leucine residue in helix 4 of CaLCuV AL1 reduced binding. Together, these results suggest that helix 4 and the conserved leucine residue are part of a pRBR-binding interface in begomovirus replication proteins.
Geminiviruses are DNA viruses that replicate their singlestranded genomes through double-stranded intermediates in nuclei of plant cells (reviewed in reference 28). Because of their small genomes, geminiviruses provide only the factors required to initiate rolling circle replication and depend on plant nuclear DNA polymerases to amplify their genomes. Many geminiviruses replicate in differentiated cells that have exited the cell cycle and no longer contain detectable levels of host DNA polymerases and associated factors (10, 44, 47) . Geminiviruses are thought to overcome this barrier by interacting with a host protein, the retinoblastoma-related protein (pRBR), to induce transcription of genes encoding host replicative enzymes (17, 18, 38) . Hence, geminiviruses are valuable tools for studying how the cell division cycle and differentiation are regulated by pRBR in plants (26) .
Geminiviruses are a diverse family of plant-infecting viruses that fall into four genera based on their genome structure, insect vector, and host range (6, 58) . Tomato golden mosaic virus (TGMV) is a typical begomovirus with a bipartite genome that encodes seven proteins (4) . AL1 (also designated AC1, C1, or Rep) is the only viral protein that is essential for replication (19) . AL1 recognizes the origin by binding to a specific DNA sequence (21) , catalyzes DNA cleavage and ligation to initiate and terminate rolling circle replication (40, 52) , and may act as a DNA helicase during the elongation phase of replication (24, 54) . AL1 also plays a central role in reprogramming mature plant cells to support DNA replication and recruiting host replication machinery to the origin (38, 45) .
Many functions of AL1 involve protein-protein interactions. Oligomerization is essential for origin recognition and may be required for other catalytic functions in vivo (51, 60) . AL1 binds to the viral replication enhancer protein, AL3 (60) , which in turn binds to proliferating cell nuclear antigen (PCNA), the processivity factor for DNA polymerase ␦ (8). Geminivirus replication proteins also interact with components of the host replication apparatus, like PCNA and the replication factor C complex, the clamp loader that transfers PCNA to the replication fork (8, 45) . These interactions are likely to represent early steps in the assembly of a DNA replication complex on the geminivirus origin. AL1 also interacts with host factors involved in cell division and differentiation. AL1 binds to a mitotic kinesin and a protein kinase associated with early leaf development (37) , but the roles of these interactions during infection have not been determined. In contrast, there is evidence that binding of AL1 to pRBR alters host transcriptional controls to induce the synthesis of the plant DNA replication machinery (17, 18, 38) .
In animals, the retinoblastoma protein (pRb) is part of a small family that also includes p107 and p130 (30) . pRb family members negatively regulate cell cycle progression and promote differentiation, in part, through their interactions with E2F transcription factors and histone deacetylase (61) . These interactions repress transcription of genes encoding proteins required for entry into S phase and DNA replication (41) and facilitate maintenance of a differentiated state (29) . In late G 1 , phosphorylation of pRb by cyclin-dependent kinases disrupts its association with E2F and allows expression of genes required for S phase (35) . Mammalian DNA tumor viruses by-pass this phosphorylation requirement by binding directly to pRb and disrupting its interaction with E2F (34) . Several lines of evidence argue that the pRb/E2F regulatory network is conserved in plants. pRBR and E2F proteins have been identified in a variety of plant species (for reviews, see references 12, 15, and 27) . pRBR is a substrate of cyclin-dependent kinases (5, 48) , and its levels are high in differentiated tissues (33) . E2F consensus sites have been found in the promoters of a number of plant genes (55) and shown to modulate transcription during the cell division cycle and development (7, 9, 11, 17, 39, 62) . Begomoviruses are thought to overcome E2F-mediated repression of PCNA transcription in mature leaves (18) , most likely through the interaction of AL1 with pRBR (38) .
pRb family members display strong sequence homology across a large central domain known as the A/B pocket (46) . This region is involved in a variety of protein interactions (63) , including those with simian virus 40 large T antigen, Adenovirus E1A and human papillomavirus E7 (42) . Each of these DNA tumor virus proteins binds to pRb through a conserved LXCXE motif (16) . LXCXE motifs have also been identified in pRBR-binding proteins, like cyclin D (49), the mastrevirus RepA protein (25, 32, 43, 66) , and the nanovirus Clink protein (3). However, there are plant proteins, including some E2F transcription factors (11, 14) and chromatin-remodeling proteins (2, 56, 57) , that interact with pRBR through other sequences. TGMV AL1 does not have an LXCXE motif and falls into this second group of pRBR binding proteins. A previous study mapped the pRBR binding domain of AL1 between amino acids 101 to 180 and showed that mutations in this region impact AL1/pRBR interactions and tissue specificity of infection (38) . In the experiments described here, we asked if a highly conserved motif within this region plays a role in pRBR binding and virus infection.
MATERIALS AND METHODS

AL1 mutants.
The plasmid pNSB148, which contains the TGMV AL1 coding sequence in a pUC118 background, was used as the template for site-directed mutagenesis as described previously (51) . The oligonucleotide primers and resulting clones are listed in Table 1 . Viral DNA fragments containing the mutations were verified by DNA sequence analysis. Viral replicons encoding the mutant AL1 proteins were generated by subcloning SalI/NheI fragments corresponding to ALI amino acids 120 to 232 from the mutant clones into the same sites of the wild-type replicon, pMON1565 (52) , to give pNSB954 (K144), pNSB1032 (EE146), pNSB999 (A147Y), pNSB997 (L148), pNSB979 (L148V), pNSB1000 (L148G), and pNSB998 (II151). Alanine substitution mutants are designated with the wild-type amino acid(s) and the final position number. When the mutation was not to alanine, the mutant amino acid is given after the position number.
Site-directed mutagenesis of cabbage leaf curl virus (CaLCuV) AL1 was performed by using a PCR-based method. Complementary oligonucleotides Cb-M1 and Cb-M2 (Table 1) were used as primers in combination with the M13 universal and reverse primers, respectively, in two separate amplification reactions with pNSB1085 as a template. pNSB1085 contains a CaLCuV A DNA fragment (positions 1499 to 33) carrying the AL1 coding sequence in a pUC118 background. The PCR products of Cb-M1/M13-universal and Cb-M2/M13-reverse amplification reactions were isolated from agarose gels and pooled for a new amplification reaction using M13-universal and reverse primers. The PCR product was digested with BamHI and BglII and cloned into the same sites of a modified pUC118 to give pNSB1097.
Yeast two-hybrid assays. Yeast cassettes with the Gal4 DNA binding domain (DBD) were generated with pAS2-1 (Clontech, Palo Alto, Calif.). Zm214C includes a truncated maize RBR1 coding sequence consisting of the pocket and C-terminal domains fused to the DBD (1). pNSB736 contains a full-length, wild-type TGMV AL1-DBD fusion (53) .
Yeast cassettes containing the Gal4 activation domain (AD) were generated by using pACT2 (Clontech). Cassettes for wild-type TGMV AL1 (pNSB809) and the mutants KEE146 (pNSB894) and REK154 (pNSB759) have been described elsewhere (53) . Cassettes for the TGMV mutants K144 (pNSB916), E145 (pNSB917), E146 (pNSB975), EE146 (pNSB1040), A147Y (pNSB1003), L148 pCPCaLCuVA.001, which contains a single copy of CaLCuV A DNA (64) , was modified by PCR mutagenesis using the oligonucleotide 5Ј-CCTAAATAagatc TACAAGgATcCCACGAAACCCTA to introduce a BamHI site at the 5Ј end of the AL1 open reading frame. The resulting clone, pNSB900, was digested with BamHI, and the fragment containing the full-length AL1 sequence was cloned into the BamHI site of pACTII to give pNSB958. The NcoI fragment from pNSB958 encoding amino acids 2 to 178 of AL1 was then subcloned into pACTII to give pNSB974. The L145A mutation was introduced into the CaLCuV AL1 coding sequence of pNSB900 by using the oligonucleotide 5Ј-GTGTGGAA GAGGCGgccGCAATTATAAGGGC for PCR mutagenesis. A mutant fragment from the resulting plasmid (pNSB1097) with AatII/NcoI (repaired) ends was subcloned into pNSB974 with AatII/XhoI (repaired) ends to give pNSB1114.
Interactions between the Gal4 fusion proteins were evaluated in Saccharomyces cerevisiae strain Y187 by measuring ␤-galactosidase activity as described previously (53) . Protein concentrations were measured by Bradford assays (BioRad, Hercules, Calif.). The enzyme specific activity (1 U ϭ 1.0 M product/min at pH 7.3 and 37°C) was determined by using purified ␤-galactosidase (Sigma, St. Louis, Mo.) as the standard. The different constructs were tested in a minimum of four independent transformants in at least two experiments. The relative activities of the mutant proteins were normalized against wild-type AL1, which was set to 100%.
Replication and infectivity assays. TGMV A replicons carrying mutant AL1 coding sequences were made using pMON1565, a pUC-based plasmid that contains 1.5 copies of wild-type TGMV A DNA (52) . The mutant replicons in Table  1 were generated by replacing the SalI/NheI fragment encoding AL1 amino acids 120 to 313 of pMON1565 with the equivalent fragment of mutant AL1 open reading frames described above. pTG1.4B, which includes 1.4 copies of wild-type TGMV B, has been described previously (21) .
For replication assays, protoplasts were isolated from Nicotiana tabacum (BY-2) suspension cells, electroporated, and cultured according to published methods (20) . Cells were transfected with 5 g of wild-type or mutant TGMV A replicon DNA and 25 g of sheared salmon sperm DNA. Total DNA was extracted 72 h after transfection, digested with DpnI and XhoI, and examined for double-and single-stranded viral DNA accumulation by DNA gel blot analysis using a TGMV A specific probe (21) . Viral DNA was quantified by phosphorimage analysis. Each protoplast assay was performed in at least three independent experiments.
For infectivity assays, Nicotiana benthamiana plants at the six-leaf stage were inoculated with a biolistics device as described previously (47) . Wild-type or mutant TGMV A replicon DNA (10 g) was precipitated onto 1-m microprojectiles in the presence of a wild-type TGMV B replicon (pTG1.4B) and used to bombard plants. Total DNA was extracted from leaf tissue 14 days after bombardment (13), linearized with XhoI, and analyzed on DNA gel blots.
RESULTS
Mutations in the KEE sequence of AL1 differentially alter pRBR binding. The geminivirus TGMV interacts with pRBR, a plant homolog of the mammalian Rb protein, via a novel mechanism. An earlier study showed that mutations in KEE146 in the pRBR binding domain of TGMV AL1 impair interaction (38) . The KEE146 mutant contains three consecutive alanine substitutions, which may act alone or together to confer the mutant phenotype. To better understand the basis of the phenotype, we generated four additional alanine substitution mutants: K144, E145, E146, and EE146 (Fig. 1A) . The mutant AL1 open reading frames were fused to the coding sequence of the Gal4 AD and expressed in yeast. Mutant proteins accumulated to levels comparable to those of an ADwild-type AL1 fusion (data not shown), consistent with previous experiments showing that mutations in this region do not impact AL1 fusion protein stability in yeast (53) . The AL1 oligomerization properties of the mutant proteins were assessed in two-hybrid assays using a wild-type TGMV AL1 protein fused to the Gal4 DBD (53) . The influence of the mutations on AL1/AL1 interactions was minimal (Fig. 1B) and not statistically significant, indicating that the mutations do not have a global effect on AL1 function. However, technical constraints precluded testing the mutants in AL1/AL3 binding assays.
The impact of the mutations on AL1/pRBR interactions was analyzed in two hybrid assays. Previous studies established that TGMV AL1 interacts with maize and Arabidopsis RBR proteins similarly but that binding to maize pRBR is stronger in yeast assays (1, 38) . As a consequence, we used a truncated version (Zm214C) of maize pRBR1 from amino acid 214 to the C terminus fused to the Gal4 DBD (1, 38) for these experiments. This region contains the A/B pocket domain and the C-terminal domain of pRBR. The E145, E146, and EE146 mutations did not alter AL1/pRBR binding significantly (Fig.  1B) , suggesting that the E residues are not essential for wildtype binding activity. In contrast, the K144 mutation reduced pRBR interactions to 42% of the wild-type levels (Fig. 1B) , indicating that this residue is required for full binding activity. However, the reduction in pRBR binding activity was less for K144 than KEE146 (16% of wild-type levels; Fig. 1B) , uncovering a role for one or both of the E residues in combination with K144 in pRBR interaction.
Mutations in the helix 4 motif of AL1 impair pRBR interactions. The KEE sequence constitutes the first three residues of an 11-amino-acid motif designated helix 4 ( Fig. 1A; also, see Fig. 5 ). The helix 4 motif is conserved across all begomovirus, curtovirus, and topocuvirus replication proteins and mastrevirus RepA/Rep proteins with respect to both amino acid sequence and predicted ␣-helical structure (53) . Because of this strong conservation, we hypothesized that other residues in helix 4 also contribute to pRBR binding. This hypothesis is supported by previous results showing that the pRBR binding activity of an REK154 mutant, which contains three alanine substitutions in the last three amino acids of the motif, is reduced twofold (Fig. 1B) (38) . To further explore the role of helix 4 in pRBR binding, we generated alanine substitutions at the conserved L148 and II151 residues and a tyrosine substitution at the invariant A147 position to mimic the conserved tyrosine at the equivalent position in mastrevirus RepA/Rep proteins. The Q149 position, which is highly variable, was not mutated. The mutant AL1 coding sequences were fused to the Gal4 AD coding sequence and analyzed in yeast two-hybrid assays as described above. The A147Y and II151 mutants displayed significantly lower pRBR binding activities than wildtype AL1 (Fig. 1B) . However, these mutations also reduced AL1 oligomerization activity (Fig. 1B, right) , indicating that their effects were not specific for pRBR binding. In contrast, the L148 mutation reduced the AL1/pRBR interactions to 25% of wild-type levels without a concomitant loss in AL1 oligomerization activity (Fig. 1B) , establishing the specificity of the mutation for pRBR binding. Together, these results indicated that several of the amino acid residues in the helix 4 motif are important for both AL1/pRBR and AL1/AL1 interactions in yeasts and that both the KEE146 and the L148 residues contribute to pRBR binding. It was not technically feasible to verify the impact of the mutations on AL1/pRBR interactions in infected plant cells or tissues. The AL1 protein is expressed at very low levels and is not extracted efficiently under native conditions required to maintain protein complexes.
The L148 mutation reduces viral DNA accumulation and symptom severity. The KEE146 mutation alters the level of TGMV DNA accumulation in cultured cells and the tissue specificity and symptoms of TGMV infection in plants (38) . To determine if mutations in other helix 4 residues also have an impact on these viral processes, we examined the newly generated mutants in transient-replication and infectivity assays. The mutations were transferred into the AL1 open reading frame of a TGMV A replicon, and viral DNA accumulation in N. tabacum BY-2 protoplasts was assessed on DNA gel blots. The levels of double-stranded and single-stranded DNA that accumulated for the K144 (Fig. 2A, lane 2) (Fig. 2A, lane 5) also supported viral DNA synthesis but at levels significantly lower than that for wild-type TGMV A (lane 1) and similar to those previously reported for KEE146 (38) . The reduction in L148 DNA accumulation was observed for both double-and single-stranded forms of TGMV DNA. In contrast, the A147Y (Fig. 2A, lane 4) and II151 (lane 6) mutants, both of which were severely impaired in AL1 oligomerization (Fig. 1B) , failed to replicate to detectable levels in cultured cells. The same viral DNA accumulation patterns were observed when BY-2 protoplasts were cotransfected with a TGMV B replicon and plant expression cassettes for AL1 and AL3 (data not shown).
Plant infection experiments were carried out by cobombarding either wild-type or mutant A component DNA with a TGMV B replicon onto N. benthamiana plants. Plants inoculated with the wild-type virus developed clear symptoms by 6 to 7 days postinoculation, exhibiting leaf curling, general chlorosis, and stunting of new growth (Fig. 2B, wt) . The K144, E145, E146, and EE146 mutants caused symptoms that were indistinguishable from those caused by the wild type, indicating that these mutations do not visibly alter the infection process. In contrast, plants inoculated with the L148 mutant only developed chlorosis along the veins (Fig. 2B ) between 14 and 21 days postinfection and never displayed stunted growth or leaf curling. These symptoms, which resemble those reported for KEE146-infected plants (38) , were observed in all 12 inoculated plants and were maintained over a 5-week infection period. The A147Y and II151 mutants produced no detectable symptoms even at 5 weeks postinoculation, consistent with their inability to replicate in tobacco protoplasts.
We also examined TGMV DNA accumulation in the N. benthamiana plants inoculated with either wild-type or mutant virus. Total DNA was isolated from systemically infected leaves 14 days postinoculation and analyzed on DNA gel blots by using a TGMV A probe. Viral DNA was detected in extracts of plants infected with all mutant viruses that produced symptoms (Fig. 2C) but not in asymptomatic plants inoculated with the A147Y (lanes 8 to 10) and II151 (lanes 14 to 16) mutants. Plants infected with the K144 (Fig. 2C, lanes 2 to 4) or EE146 (lanes 5 to 7) mutant contained essentially wild-type levels of single-and double-stranded DNA (lane1). Again, the same results were obtained with E145-and E146-infected plants (data not shown). In contrast, both DNA forms were reduced in L148-inoculated plants relative to wild-type-inocu-lated plants (Fig. 2C, cf. lane 1 and lanes 11 to 13) . DNA gel blot analysis at 7, 14, and 21 days postinoculation showed that the differences in TGMV DNA levels between L148-and wildtype-infected plants are stable over time (data not shown). Reduced accumulation of viral DNA (3 to 4% of wild-type values) was previously observed for KEE146-infected plants (38) . In these earlier experiments, an E--N140 mutant accumulated to 1 to 2% of wild-type levels but caused wild-type symptoms, establishing that there is no direct relationship between the altered symptoms and reduced viral DNA accumulation during infection (38) . Hence, the altered symptoms caused by the L148 mutation are likely to be due to reduced pRBR binding, as has been hypothesized for KEE146.
AL1/pRBR binding activity is differentially affected by substitutions at L148. Because of the strong phenotypic effect of the L148 mutation, we examined the role of L148 in AL1/ pRBR interactions in greater detail. The leucine residue may facilitate pRBR binding by contributing molecular contacts and/or by stabilizing the predicted structure of the helix 4 motif. To address these possibilities, we substituted a series of amino acids at position L148 with different side chains and tendencies to occur in ␣-helices. The impact of the different mutations on the pRBR binding and oligomerization activities of TGMV AL1 was analyzed in yeast two-hybrid assays (Fig.  3 ). An L148 M mutation had no detectable effect on pRBR binding activity, whereas an L148I substitution resulted in a moderate reduction. Like the L148 mutant, the L148V and L148G mutants displayed significantly less pRBR binding activity than wild-type AL1. In general, the binding activities of the mutants declined with the decreasing probability of the substituted amino acid to occur in an ␣-helix. However, the low activity of the L148 mutant, which is predicted to readily form an ␣-helical structure, supports the involvement of side chain contacts. Together, these results suggest that L148 contributes both structural and specific contacts to pRBR binding. None of the mutations had a strong effect on AL1 oligomerization activity, indicating that the reduced pRBR binding activities are not due to a general destabilization of AL1. It was not possible to use the L148V and L148G mutants to assess further the impact of AL1/pRBR interactions on the disease process due to instability or lack of functionality of these mutations during infection (unpublished data). The replication proteins of TYLCV and CaLCuV bind to pRBR. To date, TGMV AL1 is the only begomovirus replication protein that has been shown to interact with pRBR (1). The begomovirus genus includes many viruses with distinct host ranges, symptoms, and tissue tropisms, and it not known if pRBR binding is a general property of begomovirus replication proteins. As a consequence, we asked if the C1/AL1 proteins of other begomoviruses interact with pRBR. For these experiments, we chose two geminiviruses-TYLCV (TYLCV-DR) and CaLCuV (also referred to as CbLCV)-that are evolutionarily distant from TGMV and each other. TYLCV-DR, which has a single genome component, is representative of Old World begomoviruses (59) . CaLCuV is from a small group of New World begomoviruses whose AL1 proteins lack a highly conserved sequence of unknown function between the DNA cleavage motif III and the predicted helix 3 (31, 53) . We generated Gal4 AD fusions corresponding to full-length TYLCV C1 and CaLCuV AL1 and tested the fusions for interaction with a DBD-pRBR fusion in yeast. The pRBR binding activity of TYLCV C1 was similar to that detected for TGMV AL1 in parallel assays (Fig. 4A) . In contrast, we were unable to recover colonies carrying the expression cassette corresponding to the full-length CaLCuV AL1 fusion. We have encountered similar expression problems in bacterial and insect cell systems with full-length CaLCuV AL1, indicating that its accumulation is detrimental. To overcome this problem, we generated a Gal4 AD fusion corresponding to amino acids 2 to 178 of CaLCuV AL1. Using this fusion, we detected a reduced but significant level of pRBR binding by the CaLCuV AL1 N terminus (Fig. 4A) .
We compared the AL1/C1 sequences from 78 begomoviruses of both Old and New World descent to derive a consensus sequence for the helix 4 motif (Fig. 4B) . These comparisons revealed that the motif consists of a conserved hydrophobic core flanked by charged residues. The core includes an invariant alanine residue followed by a leucine in 67 of the examined AL1/C1 proteins and methionine in the remaining 11 proteins. The L/M position corresponds to L148 in TGMV and is represented by a leucine in both TYLCV and CaLCuV. We asked if an alanine substitution at residue L145 in CaLCuV AL1 impairs pRBR binding analogous to the TGMV L148 mutant. The L145 mutation was introduced into the Gal4 AD fusion vector carrying amino acids 2 to 178 of the CaLCuV AL1 coding sequence and tested for pRBR binding in yeast two-hybrid assays. As shown in Fig. 4A , the CaL145 mutation caused a significant reduction in pRBR binding activity. The CaLCuV L145 and TGMV L148 mutations reduced pRBR binding to 23% (Fig. 4A) and 25% (Fig. 1B) of their respective wild-type controls. Together, these data show that diverse begomovirus replication proteins interact with pRBR through a conserved motif.
DISCUSSION
Geminiviruses do not encode the DNA polymerases and accessory factors required for their replication; instead, they   FIG. 3 . The pRBR binding activity of AL1 is differentially affected by substitutions at position 148. Yeast was cotransformed with the ZmRBR 214C cassette fused to the Gal4 DBD and Gal4 AD cassettes for either wild-type (L148) or mutant AL1 coding sequences (on the left) and analyzed as described for Fig. 1B . The arrow indicates decreasing ␣-helical tendency of the amino acid substitutions (50) . Bars are as defined for Fig. 1 . The effect of the mutations on AL1 oligomerization activity is indicated on the right. rely on plant DNA replication machinery. Earlier studies showed that TGMV and CaLCuV alter host transcriptional controls to induce PCNA synthesis, a component of the host DNA replication complex (17, 18) . Interaction of TGMV AL1 with pRBR plays a key role in this induction process (38) , but it was not known if other begomovirus replication proteins also bind to pRBR. In this paper, we show that like TGMV AL1, CaLCuV AL1 and TYLCV C1 bind to pRBR. Mutational studies established that the helix 4 motif, which is distinct from the canonical LXCXE motif (Fig. 5) , contributes several important contacts for pRBR binding. Together, these studies demonstrated conservation of the pRBR binding activity of begomovirus AL1/C1 proteins through the helix 4 motif.
The helix 4 motif is an 11-amino-acid sequence that is located within residues 140 to 170 of geminivirus replication proteins and is predicted to form an ␣-helix with more than 90% probability (53) . It contains clusters of charged amino acids at its ends separated by a conserved hydrophobic core (Fig. 4B) . These properties are characteristic of many protein binding surfaces that rely on a combination of ionic bonds and buried hydrophobic residues to stabilize protein interactions (22) . Earlier studies showed that the helix 4 motif in TGMV AL1 is located within the overlapping oligomerization and pRBR binding domains and indicated that the charged residues at the edges of the motif are involved in protein interactions (38, 53) . The C-terminal residues REK154 contribute to AL1/AL1 and AL1/pRBR interactions equally, while the Nterminal residues KEE146 are more important for pRBR binding. Analysis of individual mutations in the KEE sequence revealed that pRBR binding is more dependent on K144 than on E145 and E146. The wild-type phenotype of the double mutant EE146 ruled out the possibility that the individual E residues are redundant with each other. The KEE146 mutation was stronger than any of the individual or double mutants, indicating that at least two residues in the sequence are essential for wild-type pRBR binding. The involvement of multiple charged residues is consistent with the presence of two or three charged amino acids at the N-terminal edge of helix 4 in most geminivirus replication proteins (Fig. 4B) .
Analysis of the hydrophobic core of helix 4 further supported its involvement in pRBR binding and oligomerization. Mutation of A147Y and II151 affected both activities of TGMV AL1. Both mutations were significantly more detrimental to oligomerization activity, suggesting that pRBR binding is not strictly dependent on AL1/AL1 interactions as previously proposed (38, 53) . In contrast, substitutions at TGMV L148 specifically reduced pRBR binding without having a significant impact on oligomerization. The importance of the leucine residue was underscored by the reduced pRBR binding activity of the equivalent CaLCuV L145 mutant. Different amino acid substitutions for TGMV L148 indicated that the leucine residue contributes both side chain contacts and to the maintenance of structural integrity of the helix 4 motif. Reduction of pRBR binding activity by the alanine replacement most likely reflected the loss of a key side chain contact, while the lower ␣-helical tendencies of the isoleucine and valine substitutions may have induced local structural changes that interfered with pRBR binding. The only substitution at L148 that was phenotypically normal is methionine, which has a large hydrophobic side chain and a high probability of occurring in an ␣-helical region. Phylogenetic analysis showed that methionine is the only naturally occurring alternative to leucine at this position in geminivirus replication proteins (Fig.  4B) . Helix 4 mutations differentially altered virus replication and infectivity. The A147Y and II151 mutations blocked both viral replication in protoplasts and infection. Both of these mutants are severely impaired in TGMV AL1 oligomerization, which is essential for origin recognition, the first step in viral replication (51) . The results with K144 and EE146, both of which were wild type for replication and infection, differed from the mutant phenotype reported previously for KEE146 (38) . In contrast, the L148 mutant closely resembled KEE146 in that it showed reduced replication in protoplasts and chlorosis only along the veins. It was proposed that the altered tissue specificity of KEE146 infection is a result of reduced pRBR binding and reflected a lower threshold for induction in vascular versus mesophyll and epidermal cells (38) . The correlation between pRBR binding and symptoms observed for K144, EE146, and L148 further supports this hypothesis and provides insight into the nature of the proposed threshold. K144 retained 42% of wild-type pRBR binding activity, while KEE146 and L148 had 16 and 25% of the wild-type activity, respectively. These results suggested that 42% but not 25% pRBR binding activity is sufficient to allow infection of mesophyll and epidermal cells. Our data also indicated that pRBR binding may play a role in virus replication in protoplasts isolated from mid-log-phase BY-2 cells. pRBR binding mutants of WDV RepA also display reduced replication in cultured maize cells (67) . These results differ significantly from those obtained with mammalian DNA tumor viruses, which do not require pRb binding activity to replicate efficiently in actively cycling cells (23) , and suggest a unique role for pRBR during the plant cell division cycle.
The helix 4 motif is highly conserved across all geminivirus genera and is likely to be involved in interaction with pRBR by begomoviruses, curtoviruses, and topocuviruses, whose AL1/C1 proteins lack LXCXE motifs. In contrast, the role of the helix 4 motif in mastrevirus RepA and Rep proteins is less clear because of the presence of the canonical LXCXE motif that is required for efficient pRBR binding in vitro (43, 67) . However, recent studies in animal systems showed that the contacts between pRb and LXCXE-containing proteins are extensive and that other protein domains are necessary for functional interaction. Simian virus 40 large T antigen contacts pRb through two ␣-helices in addition to the LXCXE sequence (36) . A nonapeptide containing the LXCXE motif of human papillomavirus binds to pRb but is not sufficient to interfere with E2F/pRb interactions (42, 65) . Recent crystallographic studies showed that E2F, which lacks an LXCXE motif, contacts pRb through an extended region including the marked box and the transactivation domain (65) . The idea that geminiviruses also interact with pRBR through a larger protein domain is supported by the observations that the pRBR binding domain of TGMV AL1 encompasses 80 amino acids and that mutations outside of helix 4 impact binding (38) . Hence, it is likely that the mastrevirus pRBR-binding domain extends beyond the LXCXE motif and may encompass the conserved helix 4 motif. The involvement of a more extensive domain that stabilizes the RepA/pRBR complex in vivo may explain why LXCXE mutations have no obvious phenotypic effect on bean yellow dwarf virus (BeYDV) infection (43) .
The evolutionary conservation of the LXCXE motif in plant and animal systems suggests that it is an ancient pRb/pRBR binding motif that arose before divergence of the kingdoms. In contrast, a search of the Arabidopsis and human protein databases did not uncover any known or potential pocket domainbinding proteins with homology to the helix 4 consensus sequence (unpublished result), indicating that this motif is of more recent origin and unique to geminiviruses. As a consequence, we hypothesize that the ancestral geminivirus pRBR binding domain contained the LXCXE motif and that the helix 4 sequence evolved before divergence of the genera. Later in geminivirus evolution, begomoviruses, curtoviruses, and topocuviruses lost the LXCXE motif but retained the helix 4 motif as their primary pRBR binding site. Sequence comparison across the different geminivirus genera supports this hypothesis. In addition to the conservation of the helix 4 motif, the C-terminal half of the LXCXE motif is conserved in all genera (Fig. 5) . In begomoviruses, curtoviruses, and topocuviruses, the N-terminal half of the LXCXE motif appears to have undergone concerted evolution away from the consensus. In addition, helix 4 may have evolved by the replacement of a tyrosine residue conserved in mastrevirus RepA/Rep proteins with an invariant alanine in other geminivirus genera, leading to enhanced pRBR binding through this motif. Recent studies (32) of the pRBR binding properties of the RepA and Rep proteins may provide insight into the basis of the selective pressure for these changes. Even though these proteins are splicing variants that share the same 200-amino-acid N terminus and include the LXCXE and helix 4 motifs, only RepA is able to bind to pRBR. It was proposed that the inability of Rep to interact with pRBR reflects steric hindrance induced by its C-terminal domain that is absent in RepA but shared by the AL1/C1 proteins of other geminivirus genera. Hence, it is possible that when the ancestral C1-C2 gene rearranged and lost the ability to produce two proteins, there was strong pressure to maintain the ability to bind to pRBR and alter plant cell cycle controls, leading to evolution of the pRBR binding domain of the AL1/C1 proteins of begomoviruses, curtoviruses, and topocuviruses.
